A DNA-dependent ATPase has been highly purified from rat liver mitochondria and characterized. The enzyme catalyzes the hydrolysis of ATP or dATP in the presence of single-stranded DNA cofactor and a divalent cation. The Km values for ATP and dATP are 0.15 mM and 0.35 mM, respectively. The enzyme activity is highly sensitive to N-ethylmaleimide. The sedimentation coefficient of the enzyme is 8.3 S in a glycerol gradient. From this and data on Sephadex G-200 gel filtration, the molecular weight of the native enzyme was calculated to be about 190,000. All the natural single-stranded DNAs tested were equally effective for the ATPase activity, but synthetic deoxyhomopolymer poly(dC) was found to be more effective than natural single-stranded DNAs. Synthetic and natural RNAs had no effect on the activity.
INTRODUCTION
Mitochondria have their own DNA and DNA polymerase and are able to synthesize their DNA in situ. In vertebrates, mitochondrial DNA is a closedcircular molecule of about 16 kilobase pairs. The mechanism of mitochondrial DNA synthesis has been shown to have very distinctive features. Recent studies have revealed that the mitochondrial DNA polymerase examined is identical to DNA polymerase y (1,2). However, DNA polymerase y itself cannot replicate closed-circular DNA (3), and other protein factors are expected to be involved in its replication. Although a nicking-closing enzyme has been identified in mitochondria (4), no information is available on the nature of the other protein factors involved.
Recent studies on the replication systems of bacteria and phages have revealed that many enzymes or protein factors besides DNA polymerase HI holoenzyme are required for DNA replication (5). Interestingly, several of these proteins have been found to exibit DNA-dependent ATPase activity; for instance the E.coli dnaB gene product, which seems to act as a mobile promotor (6), the £. coli rep protein and DNA helicases I, II and IH, which unwind doublestranded DNA (7-9), the T7 gene 4 product, which is the primase for T7 DNA r e p l i c a t i o n ( 1 0 ) , the T4 gene 44-62 and gene 45 products, which stimulate T4 DNA polymerase ( 1 1 ) , and £_. c o l i DNA gyrase (12). The involvement of DNAdependent ATPase i n prokaryotic DNA r e p l i c a t i o n prompted us to i n v e s t i g a t e an analogous p r o t e i n i n mitochondria, because ATP has been found t o be e s s e n t i a l f o r DNA synthesis i n i s o l a t e d mitochondria (13) 
I n t h i s work, we p u r i f i e d a DNA-dependent ATPase from r a t mitochondria and examined the d e t a i l s o f i t s unique property of hydrolyzing ATP or dATP i n the presence of natural single-stranded DNA or synthetic poly(dC). A p o s s ible r o l e of t h i s enzyme i n mitochondrial DNA r e p l i c a t i o n i s discussed.
EXPERIMENTAL PROCEDURES Preparation of mitochondria
Mitochondria were prepared from the l i v e r o f adult r a t s as described by Fujisawa et a l . ( 1 4 ) , except t h a t the i s o l a t i o n medium was 0.25 M sucrose, pH 7 . 4 , containing 1 mM Na3EDTA. Livers were homogenized w i t h 10 volumes o f the i s o l a t i o n medium i n a Potter-Elvehjem homogenizer w i t h a loosely f i t t i n g t e f l o n pestle operating a t less than 1,000 rpm. N u c l e i , red c e l l s , unbroken c e l l s and c e l l debris were removed by three successive low-speed c e n t r i f u g ations at 870 x g f o r 15 min, and then mitochondria were obtained from the supernatant by c e n t r i f u g a t i o n a t 10,000 x g f o r 15 min. The mitochondrial p e l l e t was washed four times w i t h b u f f e r A (0.3 M sucrose, 10 mM T r i s -H C l , pH 7 . 4 , and 10 mM Na3EDTA} by suspension and c e n t r i f u g a t i o n at 10,000 x g f o r 15 min, and then stored a t -20°C u n t i l use.
DNA-dependent ATPase assay
The standard r e a c t i o n mixture i n 40 p i contained 25 mM T r i s -H C l , pH 8 . 0 , Sigma. Agarose-ATP and synthetic polynucleotides were from P-L Biochemicals.
Bio-gel P-300 was purchased from Bio-Rad, and DEAE-cellulose and phosphocellulose were from Whatman. Sephadex G-200 was from Pharmacia. Bovine serum ablumin was from Calbiochem.
RESULTS

Purification of DNA-dependent ATPase
All steps of purification were carried out 0-4°C, unless otherwise stated. The seven steps of purification are summarized in Table I saturation with constant stirring for 20 min. The mixture was centrifuged at 15,000 x g for 15 min and further saturated ammonium sulfate solution was added to the supernatant to give 50 % saturation. The mixture was centrifuged at 15,000 x g for 15 min and the precipitate was washed with buffer C containing ammonium sulfate at 45 % saturation with centrifugation at 15,000 x g for 15 min. The precipitate was dissolved in a minimal volume of buffer Co (10 mM Tris-HCl, pH 8.0, 1 mM Na3EDTA*. 1 mM dithiothreitol, 10 % glycerol) and designated as Fraction II. Fraction II was loaded onto a Bio-gel P-300 column (3.5 x 35 cm) previously equilibrated with buffer Co, and material was eluted with the same buffer at a flow rate of 30 ml/h. Under this low salt condition, all the ATPase activity was eluted in the void volume as an aggregated form (designated as Fraction El). As reported previously, mitochondrial DNA polymerase activity was also eluted in this fraction (3).
Fraction HI was applied to a DEAE-cellulose column (2.2 x 20 cm), previously equilibrated with buffer C containing 0.025 M NaCl, and washed with the same buffer. The enzyme was eluted with buffer C containing 0.14 M NaCl at a flow rate of 20-30 ml/h and fractions with activity were pooled (Fraction IV). The DNA polymerase activity was again eluted together with this ATPase activity.
Fraction IV was applied to a phosphocellulose column (1.2 x 10 cm) equilibrated with buffer C containing 0.025 M NaCl. The column was washed with the same buffer and then material was eluted with 50 ml of a linear gradient of 0.025 M-1.0 M NaCl in buffer C. Fractions of 1 ml were collected at a flow rate of 15 ml/h. The DNA-dependent ATPase activity was eluted as a single peak with about 0.15 M NaCl and was almost free of DNA-independent ATPase activity (Fig. 1) . In this step the DNA polymerase activity was eluted at 0.35 M NaCl and was well separated from DNA-dependent ATPase activity. Active fractions, eluted with between 0.1 M and 0.2 M NaCl, were pooled and named Fraction V. Fraction V was concentrated to one-tenth of its original volume by ammonium sulfate precipitation, dialyzed overnight against 1,000 volumes of buffer C containing 0.025 M NaCl, and then stored at -20°C until use. Chromatography was carried out as described in the text using Fraction IV. ATPase a c t i v i t y was assayed in the presence (o o) and absence (• •) of heat-denatured calf thymus DNA. tions of 0.15 ml of eluent were collected at a flow rate of 5 ml/h. Activity fractions were combined and named Fraction VI.
Fraction VI was dialysed against buffer C containing 0.025 M NaCl and applied to an ATP-agarose column (0.5 x 2.5 cm), which had been equilibrated with buffer C containing 0.025 M NaCl. The column was f i r s t eluted with buffer C containing 0.08 M NaCl, and then with buffer C containing 0.3 M NaCl. Fractions of 0.07 ml were collected at a flow rate of 5 ml/h and a small a l iquot of each fraction was assayed for enzyme a c t i v i t y . Peak fractions eluted with buffer C containing 0.3 M NaCl were pooled and named Fraction V I I . Enzyme in Fraction VII was unstable and so was promptly used for further experiments.
Fraction VII had no detectable DNA polymerase a c t i v i t y , measured by the method of Tanaka et a l . (2), or RNA polymerase a c t i v i t y , measured by the method of McMacken et a l . (6) . The enzyme was also free of contaminating nuclease a c t i v i t y . Furthermore no endonuclease a c t i v i t y was detectable by measuring endonucleolytic conversion of RFI DNA to RFlf form on agarose g e l , and the fraction caused no degradation of single-stranded DNA when incubated with 32 P-labelled RSV*cDNA*under the conditions described in EXPERIMENTAL PROCEDURES. By our procedure, the DNA-dependent ATPase of rat mitochondria was purified more than 2,000-fold from the crude extract (Fraction I ) used heat-denatured ONA preferentially to native DNA. To determine the optimum assay conditions, we measured DNA-dependent ATPase activity in the presence of 12.5 yg/ml of heat-denatured calf thymus DNA and 0.8 mM ATP under various conditions. Studies on the requirement for divalent metal ion (Fig.  3) showed that activity was maximal with a concentration of about 1.5 mM MgCl2i MnCl2 being less effective for ATP hydrolysis and CaCl2 having no effect. DNA and synthetic polynucleotide cofactor requirement
As described above, the enzyme has an absolute requirement for DNA as a cofactor for ATP hydrolysis. Because of this DNA dependency, we tested the effects of various DNAs and synthetic polynucleotides on the enzyme activity. As summarized in Table II, The effects of several synthetic polynucleotides were also examined. Poly(dA) was not stimulatory, but poly(dG) and poly(dT) caused 45 % and 83 %, respectively, of the stimulation by heat-denatured calf thymus DNA. Surprisingly, poly(dC) was almost twice as stimulatory as heat-denatured calf thymus DNA. This polynucleotide preference may be due to the base specificity or to a certain secondary structure of the synthetic DMA. 01igo(dC)-|2-18 stimulated the ATPase activity 53 %, but oligo(dT)io had essentially no effect. These data suggest that besides the base specificity, a certain chain length of polydeoxyribonucleotide molecules is required for stimulation of ATP hydrolysis. Polyribonucleotides such as QB phage RNA and poly(rA) were inactive as cofactors. Inhibitors
The effects of various inhibitors on ATPase activity were tested with heat-denatured calf thymus DNA as cofactor and results are summarized in Table  IE . In contrast to their strong inhibitory effects on DNA synthesis in isolated mitochondria (13), actinomycin D had no effect and ethidium bromide only reduced the enzyme activity 43 % when added at high concentration. Nalidixic Table m Korn, personal communication) . Like the present enzyme, these enzymes were found to exhibit ATPase activity in the presence of natural single-stranded DNA. But our mitochondrial DNA-dependent ATPase differs in two characters from other DNA-dependent ATPase: the molecular weight of the native enzyme, estimated from the sedimentation coefficient, is rather large and the enzyme shows strong preference for synthetic poly(dC). We did not obtain any information of the physiological role of mitochondrial DNA-dependent ATPase. It seems possible that the enzyme is involved in the fork movement during the process of mitochondrial DNA replication considering the properties of the enzyme shown in the present work and a previous report that highly-purified DNA polymerase y itself cannot catalyze displacement synthesis on nicked DNA (2). In a preliminary experiment, however, we could not detect any unwinding of duplex DNA by the enzyme alone; for this, the enzyme may require the cooperation of DNA polymerase y and/or a DNA binding protein.
We are now studying the real function of DNA-dependent ATPase by constructing an in vitro replication system using the plasmid-cloned mitochondrial DNA.
